We employ a previously developed model of a high surface area activated carbon, based on a random packing of small fragments of a carbon sheet, functionalized with hydroxyl surface groups, to explore adsorption of water and multicomponent mixtures under conditions representing typical carbon capture processes. Adsorption of water is initialized and proceeds through the growth of clusters around the surface groups, in a process predominantly governed by hydrogen bond interactions. In contrast, energetically favorable locations for carbon dioxide molecules are different from that for water, with the main contribution coming from the Lennard-Jones interactions with the extended surfaces of the fragments. This explains why over a broad range of conditions small amounts of water do not have any substantial impact on adsorption of carbon dioxide and other species in activated carbons. From the studies of various carbon capture processes, the model material shows promising properties for pre-combustion capture due to large capacity at high pressures and other favorable characteristics.
Introduction
Physical adsorption in porous materials is considered as a promising, energy efficient technology for carbon dioxide capture from industrial and energy-related sources [1] [2] [3] . Important requirements for materials to be used as adsorbents in this context are good affinity, selectivity and capacity for carbon dioxide, ease of regeneration, stability with respect to components and contaminants in the streams, stability under the conditions of the carbon capture processes, and affordable cost [4] [5] [6] [7] [8] [9] [10] .
Broadly, there are three different types of CO 2 capture processes that could possibly be applied to fossil-fuel power plants: post-combustion capture, pre-combustion capture and oxyfuel combustion process [11] . Various features of these processes, including conditions, energy requirements, stream compositions, as well as comparative advantages and disadvantages, have been comprehensively reviewed in the literature [1] [2] [3] [4] 6] . In this article we focus on pre-and post-combustion capture and we also explore the process of sweetening of sour natural gas which, although not directly related to power plant operation, is still associated with carbon capture [6] .
As these processes vary substantially in the conditions and composition of the streams to be treated, clearly no single adsorbent material is likely to be suitable in all these processes, and different adsorbents (or a combination of adsorbents) should be considered and optimized in application to a specific separation process [5] . A number of materials, including zeolites, polymers, metal-organic and covalent organic frameworks, metal oxides, carbonaceous sorbents etc. have been explored in the context of carbon capture processes [4] [5] [6] 9, 10, 12] .
Several publications present advantages and disadvantages associated with the use of activated carbons in the context of carbon dioxide adsorption [5, 6, [13] [14] [15] [16] . In general, activated carbons do not exhibit particularly strong selectivity toward carbon dioxide. As a result, they are unlikely to be used in post-combustion capture, which deals with low partial pressure of carbon dioxide in the stream. Nevertheless, compared to other materials, activated carbons present several advantages. Indeed, they are a very versatile and diverse family of materials, they are commercially available and relatively inexpensive, and they are stable under a broad range of conditions, with highly reproducible and consistent adsorption behavior [17] .
In particular, because of their high adsorption capacity, activated carbons with very high surface area and porosity are promising candidates for storage applications and in separations involving high pressures (such as pre-combustion capture and natural gas sweetening) [18] [19] [20] [21] [22] . Moreover, they could constitute a starting point for the development of chemically modified and more complex composite materials [21, [23] [24] [25] with enhanced affinity and selectivity for carbon dioxide. These considerations provide a motivation to explore properties of high surface area activated carbons in application to carbon capture in more detail with a particular focus on multi-component mixtures, including water.
Previous experimental studies on carbonaceous materials and carbon dioxide adsorption from mixtures mainly involve binary (CO 2 /CH 4 ) and ternary (CO 2 /CH 4 /N 2 ) systems in the absence of water vapor, see for example Refs. [20, [26] [27] [28] [29] . Wu et al. also reported experimental measurements and predictions for the quaternary mixture H 2 /N 2 /CH 4 /CO 2 [30] .
Studies based on single component isotherms have also been used to predict the behavior of the mixtures; for example, Herm et al. [31] applied the Ideal Adsorbed Solution Theory (IAST) [32] to the data published in the comprehensive work by Sircar et al. [14] to predict the behavior of CO 2 /H 2 mixtures in BPL activated carbon in comparison with the behavior of several metal-organic frameworks. In another example, Himeno et al. considered adsorption of methane and carbon dioxide on several carbon materials and also employed IAST to predict behavior of binary mixtures [20] .
Simulation studies include the works by Cracknell et al. [33] on CO 2 /N 2 and CO 2 /CH 4 mixtures, by Heuchel et al. [34] on CO 2 /CH 4 mixtures, by Sweatman and Quirke on ternary CO 2 /CH 4 /CO mixtures [35] and the work by Cao and Wu [36] on CO 2 /H 2 mixtures. In all these studies the slit pore model was used to represent the carbon structure. More recent simulation studies considered CO 2 /CH 4 mixtures using more realistic models of activated carbons [37] [38] [39] . In particular, Furmaniak and co-workers systematically explored how the efficiency of the separation of CO 2 /CH 4 mixtures depends on the surface oxidation and on the pore size in virtual porous carbons (VPC) [38] . Further examples of binary mixtures in disordered models (although not necessarily related to CO 2 capture) include the studies by Kumar and co-workers [40, 41] .
All multi-component streams involved in the CO 2 capture processes are prone to contain water in various amounts, depending on the process, and therefore it is important to include water into consideration. Adsorption of water on activated carbons has been a long standing problem. An important and comprehensive review on the experimental and computational studies in the field has been published by Brennan et al. [42] . In particular, the authors summarized substantial developments in our understanding of the role of polar surface groups on water adsorption in activated carbons, arising from a number of studies in the area [43] [44] [45] [46] , to which there have also been more recent important experimental and simulation contributions [47] [48] [49] [50] [51] [52] [53] . Brennan and co-workers [54] investigated the problem in a study, where the structure of an activated carbon was represented through a realistic, disordered model, obtained from the Reverse Monte Carlo simulation and featuring variable number of functional groups. Liu and Monson [55] , Horikawa et al. [56] and Wang et al. [57] also studied the effect of structural and surface chemical heterogeneities on water adsorption and desorption in activated carbons. In particular, Liu and Monson simulated adsorption of water on a model consisting of a random packing of platelet shaped elements featuring functional groups, developed from the model first proposed by Segarra and Glandt [58] . Do and co-workers developed a series of models to understand the mechanism of water adsorption in micro-and mesopores of activated carbons, based on the growth of a water cluster around a functional surface group [56, [59] [60] [61] . These models have been subject of further modifications and studies [56, [62] [63] [64] [65] .
To summarize substantial number of observations, accumulated from both computer simulations and experiments, water shows a very peculiar behavior when adsorbed on activated carbon. The surface of activated carbons is in general hydrophobic, but it does contain heteroatoms (most commonly oxygen, nitrogen and sulfur), often in the form of polar groups. It is precisely in the proximity of these hydrophilic centers where the adsorption of water is believed to start. The first molecules adsorbed around the hydrophilic centers through hydrogen bonding then function as nuclei around which water clusters can grow. It has been shown that the higher the concentration of functional groups in carbon is, the higher the extent of water adsorption at low pressure is, while an increase in the number of functional groups can lead to a substantial change in the shape of the isotherm [42] . Given enormous interest in water adsorption on activated carbons, the number of studies on the impact of humidity on adsorption of other species is surprisingly modest. The effect of water presence on carbon dioxide adsorption from mixtures and under conditions resembling real industrial cases has been investigated to an even lesser extent.
The majority of the work which has been published so far is experimental. Several studies in this context explore adsorption of carbon dioxide, methane and other gases on humid activated carbon or coal. For example, comparative pure component adsorption of methane and carbon dioxide on coal in the presence of water was investigated by Krooss et al. [66] . A similar study on activated carbons has been carried out by Wang et al. [67] . Sun et al. assessed the effect of humidity on the pure component adsorption of CO 2 on activated carbon [68] . In another study, Sun and co-workers also investigated adsorption of CO 2 /CH 4 mixture on activated carbon in the presence of water [69] . Billemont and co-workers employed both experiments and grand canonical Monte Carlo simulations to explore single component and binary mixture adsorption for carbon dioxide and methane on humid porous carbons [70, 71] . As a model of the carbon structure they considered both the classical slit pore model and a more realistic disordered structure. In the case of the disordered structure they studied two systems, one featuring and one not featuring any functional groups.
Other experimental studies include the work by Fitzgerald et al. on the ternary mixture of carbon dioxide, methane and nitrogen, adsorbing on humid Tiffany coal [72] . Finally, Xu and co-workers investigated the realistic case of the effect of water on CO 2 capture from the model flue gas using vacuum swing adsorption (VSA) process on activated carbon [73, 74] . Their study involved quaternary
What in general emerges from all these studies is the fact that small amounts of humidity in the mixtures do not change the shape of the adsorption isotherms and do not influence the pore filling mechanism, but they do have an effect in decreasing the adsorption, to an extent proportional to the amount of water present in the system. The decrease in the adsorption may actually be hardly noticeable, if the amount of water is very small. It has also been shown that species forming hydrates under conditions of interest may be preferentially adsorbed [69] .
Overall, although a substantial body of work on multicomponent adsorption in activated carbons has been accumulated, not many studies so far have considered conditions representing operational temperatures, pressures or compositions of the streams associated specifically with the CO 2 capture processes. In the majority of the cases the studies involved pure component isotherms or equimolar binary mixtures at 298 K, and the presence of minor components has rarely been considered. The effect of small amounts of water on adsorption of other species specifically in the context of capture processes also needs to be addressed. Finally, we are not aware of any systematic studies of these issues in application to high surface area (>3000 m 2 /g) activated carbons, although they seem to be a promising class of materials for some of the carbon capture related processes. This provides the motivation for this work.
In our previous publication [75] we developed a realistic molecular model for Maxsorb MSC-30, an activated carbon which has been commercially produced by the Kansai Coke and Chemicals since 1990s and shows surface area in excess of 3000 m 2 /g [18, 76] . The model is based on representing the structure of Maxsorb as a random packing of corannulene-like molecules, functionalized with hydroxylic groups and is similar to other models developed in this spirit [38] [39] [40] 77] . While capturing the disordered nature of the activated carbons these models remain somewhat more computationally tractable than more realistic models based on the reconstruction of the structure through Reverse Monte Carlo [78] [79] [80] . Chemical composition of our previous model, including the amount of oxygen present, and its structural characteristics, such as surface area and pore volume, have been tuned to closely reflect these parameters for Maxsorb. The developed model was calibrated and tested through the comparison to the experimental single component isotherms for carbon dioxide and some of the main components of the streams involved in carbon capture processes.
In this study we apply this model to explore Maxsorb behavior with respect to multi-component mixtures, representative of different carbon capture processes under realistic conditions, including presence of water vapor in the streams. We begin by the analysis of single component water adsorption followed by binary mixtures, consisting predominantly of carbon dioxide with small amounts of water present. Finally, we investigate more complex, multi-component systems in the context of pre-and post-combustion capture and natural gas sweetening. We emphasize here that the current contribution does not consider kinetics and transport aspects of adsorption processes, although they are important in the complete design analysis; this will be subject of a separate study.
Methodology

Molecular model of Maxsorb, MSC-30
The molecular model of Maxsorb MSC-30 has been developed in our previous study [75] and is based on a random packing of corannulene-like (therefore curved) structural elements, functionalized with hydroxyl groups. Fig. 1 shows two views of the structural element ((a) and (b)) and the final structure obtained after random packing (c). The structure contains 250 elements in a cubic cell with a side length of 60 Å. The model was developed to reproduce key structural characteristics of MSC-30 (but we note that the current approach is not concerned with the mechanical stability of the model structures) and comparison between the properties of the model (from now on named CRNL-(OH) 2 ) and the prototype material is provided in Table 1 [75] . From Table 1 it is possible to see that the features of the model quite closely follow the features of the target material. However, unlike the actual Maxsorb material featuring pores mostly around 20 Å and up to 60 Å in diameter [18] , the current model is microporous with pores not exceeding 10 Å (the geometrical pore size distribution and associated discussion are provided in the Supplemental Information (SI) file, Section 10).
Surface area and micropore volume (from computational Helium porosimetry) of the packing of structural elements have been calculated using Poreblazer 1.2, a package of simulation tools developed by Sarkisov and Harrison [81] . The Henry's constants of adsorption in zero loading regime have been calculated using a simple approach, recently proposed by Sarkisov [82] , based on the lattice representation of the simulation cell. Further details on the construction and characterization of the model can be found in our previous publication [75] .
Simulation details
For all our simulations we use the energy biased grand canonical Monte Carlo method (GCMC), as implemented in the MuSiC simulation package [83] . Further details of the GCMC simulation protocol adopted in this work, including details of the potential cut-offs, number of Monte Carlo moves per adsorption point, type and weight of Monte Carlo moves and other parameters, are provided in the Supplemental Information (SI, Section 1) file.
For consistency with the experimental measurements and following the procedure proposed by Talu and Myers [84] , unless specified otherwise, all the simulated adsorption densities are converted into excess values using the following expression:
where N exc is the excess adsorption, N abs is the absolute adsorption as calculated from the GCMC simulation, q bulk is the density of the bulk adsorbate and V is the accessible pore volume, as obtained from the computational Helium porosimetry. To calculate the bulk density we perform a separate, GCMC simulation of the bulk phase. This aims to minimize the error intrinsically associated with the differences in fluid properties predicted from the forcefield models and from the equation of state (EOS) methods. This is particularly important for high pressure multi-component mixtures, where these differences may become significant. The full set of Lennard-Jones (LJ) parameters associated with the model structure for the adsorbent is reported in the SI (Section 2). The LJ parameters mostly correspond to the ones proposed by Tenney and Lastoskie [85] , which are also in line with other parameters reported in literature [86] [87] [88] [89] [90] . Partial charges are calculated using the B3LYP Density Functional Theory method [91] , with 6-31G basis set and CHELPG [92] charge analysis using the Gaussian 09 software package [93] .
For the adsorbates involved in the simulations, TraPPE models [94] [95] [96] [97] are used where available; hydrogen is represented using the spherical model by Buch [98] and carbon monoxide is modeled using the two-center model with partial charges by Sweatman and Quirke [99] . For water the tip4p model is adopted, which exhibits a reasonable accuracy in capturing VLE properties of water at ambient conditions [100] . It would be of a further interest to investigate other models of water.
A table with the bond lengths and bond angles for the molecular species (except for hydrogen and methane, modeled as single Lennard-Jones sites) and a table with the full set of partial charges and Lennard-Jones parameters are reported in the SI (Section 2). We note here that all the adsorbing species are treated as rigid molecules.
The LJ solid-fluid interactions are calculated using the standard Lorentz-Berthelot mixing rules, but a scaling factor of 1.23 is applied to the platelet carbon -fluid LJ interaction for species with molecular models featuring no explicit charges, such as methane and hydrogen, following the calibration performed in the previous publication [75] . All solid-fluid interactions are pre-calculated using a cubic lattice with 0.2 Å resolution prior to the adsorption simulations.
Fluid-fluid Coulombic interactions between partial charges are calculated using the Fennell-Gezelter method [101] based on a spherically truncated summation, while in the solid-fluid case the Ewald summation [102] is applied. In the SI file we also provide a comparison between the Fennell-Gezelter and Ewald methods for fluid-fluid interactions, considering a case of confined water (Section 3).
In all cases considered we show some exemplary adsorption isotherms, accompanied by the analysis of selectivities for the main separations, defined as:
where S i/j is the selectivity for component i over component j; x i , x j are the molar fractions of components i and j in the adsorbed phase (calculated form the absolute adsorption); y i , y j are the molar fractions of components i and j in the bulk phase.
For the same mixtures we also predict selectivities in the Henry's law regime using the formula:
where S H i=j is the selectivity for component i over component j in the Henry's law region, while K H;i and K H;j are the Henry's constants for components i and j, respectively.
Selectivity can give a good indication on how efficient the separation of the components in a mixture can be, but nevertheless it is not the only criterion that needs to be taken into account for the assessment of carbon capture materials: for example, high values of selectivity do not necessarily imply high efficiency in a certain separation, since they may also correspond to very high affinity toward one of the components in the mixture and therefore high costs associated with adsorbent regeneration. Hence, a complete analysis must be based on selectivity in conjunction with other characteristics such as high working capacity, affordable cost of material, stability to water and so on. In general, the most comprehensive assessment of a material should come from a process simulation [103, 104] .
Results
This section consists of two parts. In the first part we focus on adsorption of water in a platelet-based model of Maxsorb activated carbon. Specifically, we start with a single component case and explore the role of surface groups in the formation and growth of water clusters. We then consider co-adsorption of carbon dioxide and water with a view to understand the possible influence of water on carbon capture process. In the second part of the Results section we consider equilibrium adsorption of multicomponent mixtures with the composition and under conditions, corresponding to the specific industrial carbon capture processes.
Water adsorption in Maxsorb MSC-30
3.1.1. Single component case Fig. 2 compares adsorption isotherm for water from molecular simulations at 298 K (absolute density, black squares for adsorption and red squares for desorption) to two sets of the experimental data at 303 K (from Carlile and Friday [105] , gray squares, and Miyawaki and co-workers [47] (white squares), with the SAC31 material in their work corresponding to a sample of Maxsorb material 1 . The simulated isotherm exhibits a convex shape, typical for water adsorbing in hydrophobic materials, followed by a capillary condensation at p/p°= 1.0. We note that the simulated isotherm is shifted to higher pressures compared to the experimental results and reaches density plateau at pressures exceeding the bulk condensation pressure (which for tip4p model of water is 4.5 kPa at 298 K [106] ; this is also the reason for presenting simulation results in the absolute adsorbed density units. However the difference between the excess and absolute amount adsorbed is expected to be insignificant at pressures below the bulk condensation pressure). It also features a broad hysteresis loop and appears in shape as Type V isotherm, according to the IUPAC classification [107] . A detailed isotherm by Miyawaki and co-workers [47] also exhibits smooth S-shape behavior, with no evident jumps in density, unlike the isotherm from molecular simulations. Experimental results by Miyawaki et al. also point to a higher adsorption capacity of about 75 mmol/g, compared to the results from molecular simulations (about 60 mmol/g at the highest loading). It is also important to note substantial differences between the two sets of the experimental data, suggesting that consistent measurement of water adsorption on activated carbons still presents a substantial challenge.
It has been widely accepted that the surface groups play an important role in the water uptake process. To illustrate this, we contrast the behavior of the original model for Maxsorb with that of the model featuring no surface groups. To make this comparison consistent and isolate the effect of the surface groups from other factors we consider a system, based on non-functionalized corannulene elements, with structural characteristics (such as surface area, pore volume and density) very similar to the original model of Maxsorb MSC-30. Structural characteristics of the two models are compared in Table 2 .
In Fig. 3 we show absolute water adsorption isotherms simulated at 298 K for the original CRNL-(OH) 2 model (black symbols), compared to the isotherms simulated on the model without functional groups (CRNL with the properties reported in Table 2 ). White and gray symbols correspond to two slightly different variants of the second model: in the case of white symbols the model still features partial charges on the edges of the platelets associated with the termini hydrogen atoms, while in the case of the gray symbols no solid-fluid Coulombic interactions are taken into account.
It is clear that the presence of the functional groups substantially changes the adsorption behavior of water. The isotherms in the models featuring no functional groups are shifted to much higher pressures, and this is in agreement with the results by Billemont and co-authors [71] , which show that the presence of oxygenated groups in a sparse model for activated carbon determines an increase in the amount of adsorbed water at a given pressure. Similar results were also shown in the work by Brennan and co-workers [54] , in which the adsorption of water was found to be proportional to the amount of functional groups on the structure of the carbon.
Let us consider in more detail processes on molecular level associated with the formation and growth of the water clusters in the model structure. First, we need to define a cluster. Two water molecules are considered to be connected if the distance between their oxygen atoms is less than 3.5 Å (this distance corresponds to the first minimum in oxygen-oxygen radial distribution function for the bulk liquid water at ambient conditions). A pathway, consisting of these pairwise connections can be constructed for any two water molecules within a cluster. In the system with functional groups, formation of a cluster starts with association of a water molecule with one of the groups. In Fig. 4 we show a system involving one platelet and one molecule of water in the lowest potential energy configuration, whereas Table 3 summarizes contributions of Lennard-Jones and Coulombic terms to the total potential energy in this configuration. As can be seen from the figure the water molecule forms a hydrogen bond with the surface group. This association is predominantly governed by the Coulombic interaction (Table 3 ).
In Fig. 5 we show the water clusters respectively for the system with groups (top panel) and the system without groups but still bearing charges on carbon atoms and termini hydrogens (bottom panel). In all cases what is actually shown are the oxygen atoms in each cluster, with different colors corresponding to different clusters. Adsorption (mmol/g) p (kPa) Fig. 3 . Absolute adsorption isotherms for water at 298 K from molecular simulations. Black symbols correspond to the original Maxsorb MSC-30 model (CRNL-(OH) 2 ). White symbols are for the system with no functional groups. The system still features partial charges associated with the carbon atoms of the platelets and termini hydrogens. Gray symbols correspond to the system with no functional groups and no Coulombic interactions between the platelets and water molecules. The behavior is very different in two cases. In the model of Maxsorb, featuring functional groups, condensation starts at low pressure (the lowest pressure shown in Fig. 5 (a) is 2.2 kPa, however the clusters actually start to appear at as low as 0.63 kPa). Several small clusters form around functional groups, and as the simulation progresses these clusters grow in size, until one percolated cluster spanning the whole system forms.
In the case of the material with no functional groups the onset of cluster formation is delayed to much higher pressures (17.5 kPa), and the following process corresponds to gradual growth of one cluster, as opposed to many clusters developing in parallel as in the first case. The process, as described by the snapshots in the bottom panel of Fig. 5 , occurs within a very narrow pressure range between 17.5 kPa and 17.8 kPa.
To summarize, the current model overestimates the hydrophobicity of the Maxsorb MSC-30 structure, resulting in the adsorption isotherm shifted to higher pressures and exhibiting an abrupt capillary transition, not observed in experiments. Behavior of water is very sensitive to the concentration of the functional groups and most likely to their nature. We speculate that introduction of a higher number of functional groups, other, more polar or more accessible functional groups in the model should shift the water adsorption isotherm to lower pressures and induce larger number of intermediate adsorption states, corresponding to more water clusters simultaneously growing in the system. Given that the current results are obtained with 300-900 million Monte Carlo moves per adsorption point, this systematic exploration of water behavior as a function of model features is however a computationally challenging task and will be considered as a separate study.
Effect of water on carbon dioxide adsorption in Maxsorb MSC-30
Before we turn our attention to more complex, multi-component systems, first, it is important to explore in more detail co-adsorption of carbon dioxide and water under different conditions. It is instructive to begin this section by comparing the Henry's constants of adsorption in zero loading regime for pure component carbon dioxide and water at three different temperatures (298, 313 and 323 K). These constants, summarized in Table 4 , indicate much stronger interaction of water molecules with the porous structure (or to be more precise with the functional groups), which can explain stronger adsorption of water compared to other gases as will be seen in the next section.
Nevertheless, from the appearance of the water isotherms, Maxsorb behaves as a typical hydrophobic material. This is a result of even stronger interaction between molecules of water itself, compared to the interaction with the porous material, particularly once the polar groups on the structure of the carbon, already saturated with water molecules, become unavailable.
The zero loading (this is the regime reflecting the most favorable interactions) isosteric heat of adsorption is estimated to be 40.13 kJ/mol, which is comparable to the latent heat of condensation for water (45 kJ/mol). This result is in line with the data reported in literature [43, 108] .
The mechanism of carbon dioxide interaction with a single platelet is different from that of water. In Fig. 6 we show the configurations corresponding to the energy minima of system of a single carbon dioxide molecule and a platelet. Panels on the left visualize the global energy minimum, with the carbon dioxide molecule positioned not on the edge but above the center of the platelet. Panels on the right show an example of a local energy minimum configuration for carbon dioxide molecule in the vicinity of a hydroxyl group. Comparison of the energy contributions for the two cases, provided in Table 5 , shows that the global energy minimum is dominated by the Lennard-Jones contribution, emanating from the carbon atoms of the platelet. In the vicinity of the surface group, Coulombic term increases substantially (about seven times), but this is not enough to compensate for the weaker LJ interactions at the edge of the platelet. The global energy minimum for carbon dioxide is significantly shallower (in a sense that the interaction is weaker) compared to the water molecule.
Next, we investigate the effect of small amounts of water present in the stream on carbon dioxide adsorption under typical pre-combustion conditions. In this case the total pressure of the streams ranges between 30 and 55 Bar at 313 K and the water content ranges between 0.2 and 1% (molar) [6] . Several binary mixtures of water and carbon dioxide are investigated at a typical temperature of 313 K with different amounts of water present. For these mixtures, adsorption isotherms are extended up to the dew point where the partial pressure of water reaches the saturation value, 7.33 kPa at 313 K. Dew points for various water amounts in the mixture are summarized in the SI file (Section 9). From Fig. 7(a) , water does not seem to have any impact on the adsorption of carbon dioxide in the range of pressures under consideration. The isotherms in graph (b) confirm the results shown in graph (a) and the amount of water adsorbed remains small under conditions of interest. This is predominantly due to the overwhelming excess of carbon dioxide in the binary mixture.
In Section 3.1.1 we have investigated the tendency of water to cluster during the single component adsorption on Maxsorb, and we have shown that clusters start to appear from relatively low pressures. According to the analysis of the minimum energy configurations, carbon dioxide and water should occupy different, non-overlapping regions of the porous space, at least at lower pressures. To probe this picture further we set to investigate a series of systems with substantially larger amount of water present. Specifically, we prepared systems featuring 2:1 ratio of carbon dioxide to water (mole basis) and total loading of 24 mmol/g, 1:1 ratio and total loading of 30 mmol/g and 1:2 ratio and total loading of 36 mmol/g, respectively, and investigated structural characteristics of these systems at 313 K under NVT conditions.
In Fig. 8 we show the radial distribution functions (RDFs) for water (graph (a)) and carbon dioxide (graph (b)) for different pressure points on the isotherms simulated at 313 K. In the case of water we show the O-O RDF, while for carbon dioxide we show the C-C RDF.
In the case of H 2 O the peaks in the RDFs appear similar in shape to those reported for bulk water (including the tip4p model) at elevated temperatures [109, 110] . The pronounced first peak can be seen simply as a manifestation of strong water-water interactions. We also note that even at the lowest water concentration (green line), the RDF for water starts to develop a second peak, indicating onset of more of a liquid-like structure. Carbon dioxide exhibits RDFs typical for a gaseous substance and consistent with the results reported in the literature for supercritical CO 2 , [111, 112] . Table 5 Solid-fluid interaction energies calculated for preferential positions of carbon dioxide molecules in the proximity of one platelet. The cases of global and local energy minima (corresponding to the configurations in Fig. 6 ) are shown on the left and right, respectively. Energies are expressed in kJ/mol.
Energy minimum
Global Local The visualizations for the water clusters in the three mixtures are reported in Fig. 9 . Similar to the single component case, water adsorption can be seen as formation and growth of different clusters, which eventually merge into a single one at higher concentrations of water (as long as the porous space itself is percolated with respect to water molecules).
Finally, we calculate solid-fluid radial distribution functions for the same CO 2 /H 2 O mixtures considered above, both for water and carbon dioxide. For the adsorbate species, the RDFs are calculated considering the same atoms as for the fluid-fluid RDFs before, while for the adsorbent we use the oxygen atom belonging to the hydroxyl group. The results are presented in Fig. 10 , which shows the solid-water RDF in graph (a) and the solid-carbon dioxide RDF in graph (b). In both cases systems corresponding to CO 2 /H 2 O = 2:1 and total loading of 24 mmol/g (green lines) and CO 2 /H 2 O = 1:2 and total loading of 36 mmol/g (red lines) are considered.
From Fig. 10 we can clearly see pronounced peaks for the solid-water RDFs at distances below 3.5 Å (left side panel), with the second peak developing at the higher loading; RDFs for carbon dioxide do not feature any pronounced peaks, indicating essentially no density variations around hydroxyl groups of platelets. The composition does not seem to have an important effect for the carbon dioxide structure.
The results shown so far suggest that at low and moderate pressures water and carbon dioxide preferentially occupy different sub-regions in the porous space; indeed, water molecules prefer proximity of heteroatoms or, more in general, of polar centers, whereas carbon dioxide prefers the curved surface of the platelet, as shown by the energy minimization analysis. Therefore, under conditions of interest two species may co-adsorb without much influence on each other. This analysis applies to fragments functionalized with hydroxyl groups. We speculate it should remain valid for other groups containing oxygen, such as carboxylic and lactonic surface groups. However, nitrogen containing groups, such as amines, should be further investigated.
Simulation of carbon capture separation processes
Post-combustion carbon capture from flue gas
Flue gas is predominantly comprised of nitrogen, with carbon dioxide constituting about 15% of the mixture at the total pressure of about 1 Bar and temperatures between 50 and 100°C [6] . Flue gas also contains a certain amount of water vapor (5-7%) and small amounts of oxygen, nitrogen oxides (NO x ) and sulfur oxides (SO x ). The main separation we investigate in this case is between N 2 and CO 2 . After consideration of the equimolar mixture case we shift to a mixture of molar composition CO 2 /N 2 = 10/90, more closely reflecting industrially relevant conditions, and then we will progressively add other, minor components to the system, to study ternary mixtures of CO 2 , N 2 and O 2 (15/80/5) and quaternary mixtures of CO 2 , N 2 , O 2 and H 2 O (15/75/5/5) with molar percentages of the components given in the brackets. All simulations are at 323 K, as this temperature can be considered representative for the post-combustion processes. To make presentation more compact, we predominantly focus on CO 2 /N 2 selectivity in various systems, while the actual isotherms are shown for illustration purposes for several selected cases only.
An example of excess adsorption isotherms for a ternary mixture is shown on the left of Fig. 11 , while on the right we summarize selectivity behavior for binary and ternary systems as a function of pressure. The lowest value of pressure considered in Fig. 11(b) is 0.1 Bar, as pressures around 0.1-0.15 Bar have been recognized as a reasonable lower limit for the desorption processes involving flue gas separations [8] .
In general, all systems in the figure exhibit selectivity values between 6 and 8. In particular, we notice that for the binary mixtures (black and white squares) a change in the molar composition has almost no effect on the selectivity. Addition of oxygen to the mixture also seems to have minor effect on the overall CO 2 /N 2 selectivity. Finally, zero loading, intrinsic CO 2 /N 2 selectivity, is calculated to be 6.59 at 323 K.
The observed selectivity values are typical for activated carbons. For example, selectivity of activated carbon AX21 with respect to the equimolar mixture at 293.1 K up to 1 Bar ranges approximately between 6 and 7, as calculated by Kluson and Scaife [113] by applying IAST to the single component experimental isotherms. We further note that these values of CO 2 /N 2 selectivity are rather low compared to other materials such as zeolites [114] [115] [116] and metal-organic frameworks, which routinely exhibit selectivity above 20 [6, 7, [117] [118] [119] .
From Fig. 11 , the values of selectivity remain relatively independent of pressure; some variation at low pressure is expected as the number of nitrogen molecules adsorbed is small and selectivity becomes subject of large fluctuations and statistical error. For example, at the total pressure of 0.1 Bar for the CO 2 /N 2 equimolar mixture the error in selectivity reaches 44.6%, while at 1 Bar the error is approximately 12.8%. Fig. 12 shows the effect of a relatively small amount of water (5%) on co-adsorption of carbon dioxide, nitrogen and oxygen. Water saturation pressure at 323 K is 12.26 kPa and the total pressure of the mixture, at which water should start to condense (2.45 Bar) is outside of the pressure range considered here. In panel (a) on the left of Fig. 12 we report the excess adsorption isotherms for the mixture with the composition CO 2 /N 2 /O 2 /H 2 O = 15/75/5/5, while in panel (b) on the right the CO 2 /N 2 selectivities are shown as a function of pressure for the same mixture (red symbols and lines) in addition to the selectivities previously shown in Fig. 11(b) .
From comparison of Figs. 11 and 12 , the effect of water on the CO 2 /N 2 separation appears negligible. At the same time it is clear that the amount of adsorbed water substantially exceeds all the other adsorbed species, so that water is the preferentially adsorbed species.
Overall, in terms of CO 2 /N 2 selectivity Maxsorb does not come across as the best candidate for CO 2 capture from flue gas, especially because key advantages of this material, such as high adsorption capacity at high pressures, cannot be exploited in this context.
Pre-combustion carbon capture
A preliminary analysis of water impact on carbon dioxide adsorption has been given in Section 3.1.2. Here we extend it to multicomponent mixtures. In the pre-combustion processes, separation of CO 2 from H 2 is required for the stream leaving the water-shift reactor. This stream consists of 35-40% CO 2 at a temperature of 40-200°C and typical pressures between 30 and 55 Bar. This stream may also contain small amounts of carbon monoxide and hydrogen sulfide. CO 2 removal from pre-combustion streams can be considered as an easier problem compared with the separation of post-combustion streams. This is due to the much higher concentration of carbon dioxide, much higher pressures involved and weak adsorption of hydrogen, compared to carbon dioxide, leading to high selectivity under a variety of conditions. All simulations are run at the temperature of 313 K. We consider equimolar binary mixture of carbon dioxide and hydrogen, CO 2 which include small amounts of H 2 S and CO, specifically ternary mixture CO 2 /H 2 /H 2 S = 39/60/1 and quaternary mixture CO 2 /H 2 /H 2 S/CO = 38/60/1/1, respectively. These results are summarized in Fig. 13 . Firstly, as an example, panel (a) shows adsorption isotherms for the quaternary mixture CO 2 /H 2 /CO/H 2 S case. The excess adsorption for hydrogen is negative, and this has been observed in all mixtures under consideration in this section, starting from the binary equimolar case (all isotherms are reported in the SI file, Section 6, including data for an alternative model of hydrogen). This effect implies that the density of adsorbed hydrogen is lower than in the corresponding bulk mixture, due to weak interaction of hydrogen with the adsorbent, compared to other species; but it may also be related to the way accessible micropore volume is calculated in the computational porosimetry. In the SI file we also provide more detailed isotherms for carbon monoxide and hydrogen sulfide, using appropriate y-axis scale (Section 6).
The efficiency of the carbon dioxide removal is further assessed in Fig. 13(b) , which shows carbon dioxide-hydrogen selectivities as a function of pressure for all cases. The lowest pressure considered is 0.85 Bar, which is consistent with the lower bound of 1-1.5 Bar generally reported for the PSA processes involving high pressure streams [12, 114] . Similarly to the post-combustion case the selectivities are not particularly affected by the composition of the mixture, and the presence of the minor components in the stream does not have a major effect either. Also, the general trend is a slow increase in the separation factors with pressure until a plateau is reached. In all cases presented in Fig. 13 (b) the selectivities start from values around 18 and reach values of about 25 (about 27 for the equimolar mixture); these results are consistent with the zero loading selectivity in the Henry's law regime, for which a value of 17.82 is obtained.
We also notice that in Fig. 13 (b) selectivities show lower degree of scattering, compared to the results for the post-combustion separation; this is consistent with the error analysis for the selectivities in this case: for the mixture CO 2 /H 2 = 40/60 error in selectivity is estimated at 14.4% at 0.85 Bar, 4.49% at 6.5 Bar and 2.7% at 55 Bar. This is a result of larger number of adsorbed molecules in the simulation cell at higher pressures and hence lower uncertainty in the adsorbed densities (including hydrogen).
Comparing these results with the recent comprehensive study by Herm et al. [31] on a number of materials we note that the selectivity values 18-27 for Maxsorb are low compared to record-setting zeolites and MOFs which can exhibit CO 2 /H 2 selectivity in hundreds under the same conditions. However, the majority of MOFs in the study by Herm et al., have CO 2 /H 2 selectivity comparable to Maxsorb, or lower [31] . Other activated carbons (JX101, BPL) exhibit comparable (somewhat higher) selectivity [31] .
We now consider the effect of small amounts of water on the adsorption of a quaternary mixture. Fig. 14(a) shows excess adsorption isotherms, while Fig. 14(b) shows CO 2 /H 2 selectivities for the quinary system CO 2 /H 2 /CO/H 2 S/H 2 O = 38.8/59/1/1/0.2, together with the selectivities already shown in Fig. 13 . The upper limit of the pressure is 36.6 Bar, beyond which water starts to condense in this mixture. In the range of pressures we are considering water does not affect adsorption of other species. This is clear not only from Fig. 14(a) , in which the isotherms are almost identical to the ones shown in Fig. 13(a) , but also from Fig. 14(b) , in which the selectivity for the system containing water exhibits values similar to those in the systems with no water. (A scaled-up version of Fig. 14 is provided in the SI file, Section 6).
The results shown in this section suggest that Maxsorb, despite not being the most selective among the materials presented in literature, is worth further investigation for applications in pre-combustion capture using adsorption. Again, selectivity is not the only parameter that needs to be considered in the development of an adsorption application. Other criteria such as high capacity at high pressure and the regenerability also need to be taken into account when assessing suitable materials. Maxsorb (and activated carbons in general) satisfies these criteria very well.
Sweetening of sour natural gas
In sweetening of sour natural gas the composition of the mixture and properties of the stream can vary substantially depending on the source of the fossil fuel. As a typical example we can consider a stream with molar percentage of CO 2 around 10-15% at temperatures between 10 and 40°C and pressures >65 Bar [120] .
In this case we focus on the main separation between carbon dioxide and methane and therefore consider binary mixtures only. Equimolar mixture of carbon dioxide and methane and a more realistic case of CO 2 /CH 4 = 15/85 composition are investigated at a temperature of 288 K and pressures up to 75 Bar. Fig. 15(a) shows excess adsorption isotherms for the mixture CO 2 /CH 4 = 15/85, while Fig. 15(b) shows selectivities for both mixtures as a function of pressure.
From this figure, Maxsorb is selective toward CO 2 , however the values of selectivity are rather modest, between about 2 at lower pressures and not exceeding 4 at the maximum. In addition, selectivities for 15/85 mixture are uniformly shifted to lower values compared to the equimolar case. Zero loading selectivity in the Henry's law regime is calculated to be 2.04, consistent with the results shown in Fig. 15(b) . The trend in the curves is similar to the trend observed in the case of pre-combustion, and the error in the selectivities ranges from 23% at 0.5 Bar, to 4.65% at 10 Bar, and down to 2.3% at 75 Bar.
Comparison with other literature data and experimental results is somewhat problematic in this case as not many studies consider the same conditions (in terms of pressure and temperature). At ambient pressures and temperatures, MOFs have selectivities between 3 and 30 [7] , but these values are expected to drop substantially at higher temperatures and pressures.
Interestingly, a comparison with the study by Furmaniak and co-authors [38] shows that the selectivities we have predicted for Maxsorb correspond to the lower limit of the selectivities they calculated for oxidized virtual porous carbons. This aspect might need further investigation.
Conclusions
The purpose of this work was to investigate the behavior of high surface area activated carbons as adsorbents in CO 2 capture separations, using the model developed in our previous publication. In particular, we have used GCMC simulations to study separation of multi-component mixtures involved in the pre-and post-combustion processes and in sweetening of sour natural gas, using realistic temperature and pressure conditions. For the cases of pre-and post-combustion we have also considered the presence of minor components in the mixture. These aspects are particularly important, since multi-component adsorption data is scarce and difficult to obtain experimentally.
Our approach is mostly based on the analysis of the simulated isotherms and focuses on the selectivity shown by the adsorbent for CO 2 over the other main component of each mixture. We are aware that more aspects should be considered for the evaluation of adsorbents in the context of CO 2 capture, but nonetheless selectivity gives a good initial indication of the efficiency of the separations.
Another aspect we take into account is the effect of water on the separations under consideration, given that humidity may have a great impact on the efficiency and the cost of the processes. For this, we first looked in detail into the behavior of water as an adsorptive, both as a single component and as a minor component in the presence of carbon dioxide. In either case the model confirms the previously reported behavior of water in activated carbons, i.e. the tendency to cluster and to interact with polar centers through hydrogen bonds. Analysis of the potential energy minima also revealed preferential locations of carbon dioxide and water molecules: Coulombic interactions strongly drive water molecules to form hydrogen bonds with the functional groups; carbon dioxide molecules, although also benefit from Coulombic interactions, prefer to be not at the edges of the platelets, but closer to the centers corresponding to the regions of the greatest dispersion interaction. This behavior also explains why, up to a certain concentration, water does not have a significant effect on the adsorption of carbon dioxide, given that the two species do not compete for the same sub-regions of the porous space.
Presence of the polar groups greatly affects the formation of the water clusters and adsorption of water. In the absence of the groups, the number of water clusters is diminished and the adsorption isotherm, including the location of capillary condensation, is shifted to much higher pressure. In our previous studies we showed that the type of the functional group does not have a significant impact in carbon dioxide and this current study explains why it is so: this interaction is not localized and the overall impact of the surface group is simply an increased polarity of the material. We speculate that adsorption of water, in contrast, should strongly depend on the type, location and accessibility of the surface groups. In fact these are additional parameters, that can be modulated in a model material to improve agreement between simulation results and experiments. This analysis applies to oxygen containing surface groups. Amine-functionalized carbons should be further investigated.
Extended to multicomponent systems, our results for Maxsorb carbon predict selectivities lower than those for most of the other materials in the context of post-combustion separation. For sweetening of sour natural gas the predicted selectivities are also quite low and in line with those for other activated carbons in general.
In the case of pre-combustion capture Maxsorb shows a reasonable selectivity performance, even though it is not the highest reported in literature. Furthermore, we show that presence of water has little effect on material performance under the conditions of interest. This result suggests that high surface area activated carbons might be worth further investigation for this type of separation, especially given that other parameters such as material cost and adsorption capacity would rank Maxsorb very favorably.
As shown in the SI file (Section 8) IAST provides an accurate description of adsorption of mixtures in application to all processes considered here, as long as the mixture under consideration does not include water.
Finally, the current study focuses exclusively on equilibrium adsorption properties. Kinetic aspects of adsorption also play an important role in the performance of the material in the actual separation process. Kinetics of carbon dioxide adsorption in activated carbons has been compared to that of zeolites (that is, adsorption is relatively fast) [5] . However an additional complexity may emerge in these systems from water clusters causing pore blocking effects and affecting structure accessibility for other molecules. This aspect requires further more systematic investigation and will be pursued in future studies.
